Catalase I of Bacillus stearothermophilus has high catalatic and low peroxidatic activities. The mutant from the first random mutant population, D130N, which has higher peroxidatic and lower catalatic activities than those exhibited by the wild-type enzyme, was subjected to second random mutagenesis in observance of the change in reaction specificity. From the second mutant population, the mutant I108T/D130N/I222T was selected and examined. The reaction specificity of the purified enzymes revealed that catalase I being originally 98% catalase and 2% peroxidase was brought to 58% specificity to peroxidase after twostep adaptive walks. From the statistical analysis of the two random mutant populations, the average degree of nonadditivity of the mutational effects was estimated to be 0.13 irrespective of the properties of the enzyme. It was demonstrated that the distribution pattern of a property of the second mutant population can be predicted well from the data of the first mutant population by taking into consideration the degree of nonadditivity. The strategy for an efficient adaptive walk in directed evolution of enzymes through the prediction of appropriate mutation rate and effective sample size for further mutation and selection was presented and discussed.
Introduction
Directed evolution of enzymes by sequential cycles of random mutagenesis and screening have proved to be useful for obtaining new or improved properties (Arnold, 1993; You and Arnold, 1996; Moore and Arnold, 1996) . This strategy is thought to be convenient and even primitive as no structural information is required. Theoretical works on fitness landscapes (see Aita and Husimi, 1996) is also under way with the same aspects and motivations. Therefore, it may be best to integrate both experimental and theoretical aspects so as to provide a more efficient strategy for the adaptive walk in directed evolution.
Catalase I of Bacillus stearothermophilus is a member of the bacterial catalases with broad-spectrum peroxidatic activity (Trakulnaleamsai et al., 1992) . Kinetic studies revealed that the reaction of this enzyme is 95% specific to catalase and 5% to peroxidase (Yomo et al., 1997) . In our previous work, we prepared a mutant library by random mutagenesis of the enzyme gene (Trakulnaleamsai et al., 1995) . In the library, a mutant was found to have a higher peroxidatic activity than that of the wild-type enzyme and a lower catalatic activity (Trakulnaleamsai et al., 1995) . This mutant enzyme is named D130N as based on the amino acid substitution and is used in the present work. There are many examples of mutant enzymes with different substrate specificity, but few, if any, with different reaction specificity (Lewis et al., 1997) . Therefore, it will be interesting to walk towards different reaction specificity, i.e. catalase to peroxidase. The gene of D130N was subjected to random mutagenesis and one mutant was selected and characterized from the second mutant library. The reaction specificity of the mutant was about 60% specific to peroxidase.
The above results demonstrated the usefulness of directed evolution. However, to construct an efficient strategy of adaptive walk in directed evolution, it is essential to know the following basic parameters characterizing a random mutant population: average and variance of the effects of one-point mutations and degree of nonadditivity of the mutational effects.
When the sum of the free energy changes of a functional property caused by single mutations is equal to that by multiple mutations, then the mutational effects on the property is defined to be additive. A review of compiled data of site-directed mutagenesis of proteins shows that, in most cases, combination of mutations that affect substrate or transition-state binding, protein-protein interactions, DNA-protein recognition or protein stability is simply additive (Wells, 1990) . In addition, some deviations from simple additivity have also been observed when the sites of mutations interact with one another (Wells, 1990) . To date, these data are still limited to a relatively small number of cases.
In this work, we have developed a new method for estimating the degree of nonadditivity of the mutational effects using two sample populations derived from the first and second random mutagenesis. The average degree of nonadditivity was estimated to be 0.13 irrespective of the properties of the enzyme. Taking into consideration the degree of nonadditivity, we have estimated the average and variance of the effects of one-point mutations from the data of the first mutant population. The reliability of these basic parameters in the prediction of the distribution pattern of a property of the second mutant population was demonstrated. Based on the accuracy of the prediction, appropriate mutation rate and effective sample size for further mutation and selection can be determined. In short, the strategy of an efficient adaptive walk in directed evolution involves the consecutive processes of sequential cycles of random mutagenesis, analysis of the mutant population, selection of a mutant with desired properties, and determination of the conditions for the next mutagenesis.
Materials and methods

Bacterial strains and plasmids
Escherichia coli UM228, a catalase HPI-deficient mutant (Triggs-Rain and Loewen, 1987) , was kindly provided by Dr P.C.Loewen, University of Manitoba, Winnipeg, Canada. Plasmid pOD64, a derivative of pUC19 containing the catalase I gene from B.stearothermophilus, was prepared previously (Loprasert et al., 1990) .
Preparation of random mutant population
The random mutant population used in this study was prepared exactly the same way as that in our previous work (Trakulnaleamsai et al., 1995) . The gene encoding a mutant (D130N) of catalase I obtained previously (Trakulnaleamsai et al., 1995) was subjected to random mutagenesis with sodium nitrite (Myers et al., 1985) . The mutant gene was introduced into E.coli UM228 cells and 2624 transformants were obtained. The catalatic and peroxidatic activities of the transformants were examined by colony assay as described previously (Trakulnaleamsai et al., 1995) . The transformants were classified into H group when both activities were of similar level to those of D130N, M group when both or either one of the activities was weaker than those of D130N, and B group when neither of the activities was detectable. There were 1356, 654 and 614 transformants that belonged to the H, M and B groups, respectively. A sample population was drawn out from the mutant library based on the productivity of the mutant enzymes. The transformants with too low productivity of the enzymes in accordance with the detectable level of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) protein measurement were excluded from the sample population. In addition, the transformants in the H group were not included to exclude the probability of incorporating the starting mutant material (D130N) into the sample population. From the 599 M group transformants producing a detectable amount of enzyme protein, 141 transformants were arbitrarily chosen and used as the sample population. The sample population was prepared and chosen by exactly the same methodology as that described previously (Trakulnaleamsai et al., 1995) for direct comparison on the effect of mutagenesis.
Characterization of the mutant population
For enzyme characterization, cell lysates of E.coli before and after heat treatment were prepared. Escherichia coli UM228 cells harboring plasmid bearing a mutant gene of catalase I were grown at 37°C for 22 h in 2ϫTY medium (Maniatis et al., 1982) containing 50 µg/ml ampicillin. Cells obtained from a 40-ml culture were suspended in 2 ml 0.1 M potassium phosphate (pH 7.0), disrupted by sonication and centrifuged. The supernatant obtained after centrifugation was then heated at 70°C for 10 min for the heat-treated lysate.
Both types of lysates were analyzed by SDS-PAGE (Laemmli, 1970) , and the catalase protein concentration in the lysates was determined from the intensity of the protein bands visualized by Coomassie brilliant blue as described previously (Trakulnaleamsai et al., 1995) . Thermostability (s) of catalase was calculated as the ratio of the catalase protein concentration measured after heat treatment (70°C, 10 min) to that before heat treatment, as heat denaturation causes catalase to become insoluble and precipitate out of solution.
Catalatic and peroxidatic activities of the lysate before heat treatment were measured spectrophotometrically at 30°C as described previously (Trakulnaleamsai et al., 1992) . Reaction mixtures contained 10 µl cell lysate and 3 ml substrate solution. For the catalatic activity, the substrate solution contained 20 mM H 2 O 2 in 0.1 M potassium phosphate (pH 7.0). Enzyme reactions were recorded as a decrease in absorbance at 240 nm (H 2 O 2 concentration), and the reaction rate was calculated 790 from the maximum slope using the molar absorption coefficient of H 2 O 2 (43.6 M -1 cm -1 ; Hinderbrant and Roots, 1975) . The value of the catalatic activity was expressed as half the consumption rate of H 2 O 2 , because two molecules of H 2 O 2 are consumed per catalytic cycle. For the peroxidatic activity, the substrate solution contained 20 mM H 2 O 2 , 4.1 mM 2,4-dichlorophenol and 0.67 mM 4-aminoantipyrine in 0.1 M potassium phosphate (pH 7.0). Reactions were recorded as the increase in absorbance at 500 nm due to the formation of a red dye. The reaction rate was calculated from the maximum slope using the absorption coefficient of the red color of 1.63ϫ10 4 M -1 cm -1 (Trakulnaleamsai et al., 1992) . Both activity values were divided by the subunit protein concentration deduced from SDS-PAGE, and the specific activity was expressed as the turnover number of catalytic cycles per second. The background catalatic activity detected from the host cell was subtracted with the assumption that this activity is proportional to the protein concentration of the host cell (see Trakulnaleamsai et al., 1995) . There is no background peroxidatic activity detected from the host cell.
Reaction specificity of purified enzymes
The reaction specificity was evaluated as the percentage of conversion of added H 2 O 2 into the dye product (A 500 ) in the presence of excess amount of substrates for the peroxidatic reaction. Reactions (30°C) were initiated by adding 20 µl enzyme solution into 3 ml substrate solution containing 20 µM H 2 O 2 , 4.1 mM 2,4-dichlorophenol and 0.67 mM 4-aminoantipyrine in 0.1 M potassium phosphate (pH 7.0). The increase in absorbance at 500 nm was monitored until completion of the reaction, and the total amount of dye produced by the reaction was calculated using the absorption coefficient of 1.63ϫ10 4 M -1 cm -1 (Trakulnaleamsai et al., 1992) . Horseradish peroxidase (Toyobo Co. Ltd, Osaka) was used as a typical peroxidase with no catalatic activity. It was confirmed that the conversion values obtained for the purified wild-type and mutant enzymes were independent of the H 2 O 2 concentration (3-30 µM) used for the assay.
Equations for the estimation of the degree of nonadditivity of the mutational effects and for the prediction of the statistical properties of the next random mutant population
Let us consider the first mutant population prepared by random mutagenesis of a wild-type model enzyme. The difference (z) in a property between the wild-type and a mutant enzyme is defined by
where x W and x are the values of the property for the wild-type and mutant enzyme, respectively; these values are expressed on the free energy level. If the number of mutations in the mutant sequence is m, and if these mutations occur one by one in an arbitrary order, the difference, z, is expressed as:
where z i is the change in the property caused by the single mutation at the i'th site, and z ij reflects the extent of the enzyme of the effects of double mutations caused by the interaction between the two mutation sites. Here, for simplicity, the terms reflecting the nonadditivity due to the interactions among three or more mutation sites are neglected. In addition, the extent of the nonadditivity is considered to be negatively proportional to the sum of the effects of two single mutations, i.e.)
where b is a constant showing the degree of nonadditivity. Take note that Equations 2 and 3 are adapted for a simple model protein where b is constant. Therefore, simplicity is applied for expressing the essential effects of nonadditivity on statistical average and variance of the mutational effects. From Equations 2 and 3, the average of z of the first population, E(z I ), is expressed as:
where E(m) and V(m) are the average and variance of the number of mutations in a sequence, respectively, and E(z O ) is the average of the effects of one-point mutations. On the other hand, the variance of z of the first population, V(z I ), is expressed as:
Assuming a Poisson distribution for the number of mutation, Equation 5 is converted to
where V(z O ) is the variance of the effects of one-point mutation. Derivation of Equation 6 will be shown elsewhere.
In Equation 4 , the values of E(z I ), E(m) and V(m) can be obtained from experimental analysis of the first mutant population. However, to obtain the values of b and E(z O ), a second mutant population is required. Suppose that the second mutant population is prepared by the same random mutagenesis on a mutant, M, in the first population, and that the occurring mutation sites are different from those that exist in mutant M, the average of z of the second population, E(z II ), is written similarly to Equation 4 as:
where z M is the difference in the property between the wildtype and mutant M, and n is the number of mutations in the sequence of mutant M. As E(m) and V(m) of the second population is the same as those of the first one, Equation 7 is written using Equation 4 as:
Assuming a Poisson distribution for the number of mutations, the variance of z of the second population, V(z II ), is expressed as:
Derivation of Equation 9 will be shown elsewhere. Rearranging Equation 8 gives
The left-hand side of Equation 10 shows the observed value of nonadditivity, NA ob , i.e.,
On the other hand, the right-hand side shows the theoretical value, NA th , and is transformed by using Equation 4 to
In these equations, E(m), V(m) and n are experimentally obtained constants. Though NA ob , z k and E(z I ) are also experimentally obtainable, the values vary depending on the observed properties. Assuming that the b value is constant independent of the observed properties, the best estimate of b value is a value that minimizes the sum of (NA ob -NA th ) 2 of the observed properties. As shown in our results described below, the estimated b value, b, can commonly be used as the average degree of nonadditivity for thermostability, catalatic activity and peroxidatic activity. The values of E(z II ) and V(z II ) of any second mutant population can be estimated from the data of the first population. The E(z O ) and V(z O ) values are obtained from Equations 4 and 6, respectively. Using these values, E(z II ) and V(z II ) can be estimated from Equations 7 and 9, respectively. Using the estimated values, appropriate conditions for the second mutagenesis can be predicted as described under Results and discussion. The consecutive steps of mutagenesis, analysis and prediction can continue as long as required, and will be an efficient strategy of directed evolution.
Results and discussion
Second random mutagenesis Catalase I of B.stearothermophilus has high catalatic and low peroxidatic activities (Trakulnaleamsai et al., 1992; Yomo et al., 1997) . That is, the reaction specificity of the wild-type enzyme is more of catalase. The first random mutagenesis of the wild-type enzyme gene gave rise to a mutant enzyme having a lower catalatic activity than that of the wild-type enzyme and a higher peroxidatic activity (Trakulnaleamsai et al., 1995) . The nucleotide sequence of the mutant enzyme gene was determined using a Toyobo Sequence Kit (Toyobo Co. Ltd, Osaka). The deduced amino acid sequence revealed that Asp130 of the wild-type enzyme is altered to Asn, from which the mutant is named D130N. To change the reaction specificity further to the peroxidase side, the gene encoding D130N was subjected to random mutagenesis, and the second mutant population comprising of 141 mutants was obtained as described under Materials and methods. It should be noted that the second mutant population was prepared in exactly the same way as that of the first mutant population.
Thermostability (S), specific catalatic activity (CA) and specific peroxidatic activity (PA) of the 141 mutant enzymes were measured as described in Materials and methods. Figure 1 shows the distribution of the first and second mutant populations as to the values of the above mentioned properties. As -ln(S), CA and PA correspond to the rate constants, the position of the three properties in the distribution is expressed with the activation free energy level (∆G*/RT) by using -ln[-ln(S)], ln(CA) and ln(PA) in Figure 1 . Figure 1 shows results as predicted from the landscape around catalase I in case of introducing further mutations (Trakulnaleamsai et al., 1995) . Almost all the mutants in the second population have lower thermostability than D130N as the thermostability of the wild-type enzyme is near the local optimum level and the probability of obtaining a mutant with much higher stability is very slim. For peroxidatic activity, many mutants at higher level than the highest mutant in the first population are found in the second population. This indicates that the peroxidatic activity of D130N, although the highest in the first population, is still at a much lower level than optimum and can be increased further by successive adaptive walks. It should be pointed out, however, that while the peroxidatic activity of the wild-type enzyme is almost the same as the average value obtained for the mutants of the first population, that of D130N is higher than the average of the second population. This indicates that the fraction of mutants having higher peroxidatic activity will decrease with the increase in number of steps of the adaptive walk. The same tendency is observed for the catalatic activity such that the level of D130N is lower than that of the wild-type and the fraction of the mutant with higher activity is increased in the second population. This tendency comes from the presence of nonadditivity of the mutational effects as described below.
Change in the reaction specificity
From the second mutant population, one mutant was selected and characterized as based on the shift of reaction specificity. The gene of the mutant enzyme was sequenced, and the amino acid sequence deduced. The mutant enzyme was found to have two alterations in the amino acid sequence of D130N, namely, Ile108 to Thr and Ile222 to Thr. Hence, the mutant is named I108T/D130N/I222T.
To trace the shift of reaction specificity during the two-step adaptive walk, the wild-type, D130N and I108T/D130N/I222T enzymes were purified as described previously (Trakulnaleamsai et al., 1992) . The reaction specificity of these enzymes was calculated as the percent conversion of the added H 2 O 2 into the product of the peroxidatic reaction, a red dye. The values obtained for the wild-type, D130N and I108T/D130N/ I222T were 2, 20 and 585, respectively. These results evidently show a shift in the reaction specificity of catalase I. The model enzyme that was originally 98% catalase and only 2% peroxidase was converted to 58% specificity to peroxidase after two-step walks. Moreover, the catalatic activity of I108T/ D130N/I222T is far lower than the detection limit of the assay method that it is impossible to use the normal kinetic method Fig. 1 . Distribution pattern of the three properties of the first (s) and second (n) random mutant population. Thermostability (S), specific peroxidatic activity (PA) and specific catalatic activity (CA) of the mutant enzymes in the second population were measured as described under Materials and methods, and the values were arranged in order of the highest to the lowest values; the positions of the mutants with regard to the cumulative number are 6-147, 1-142 and 1-142 for the thermostability, peroxidatic activity and catalatic activity, respectively, including the position of D130N. For the thermostability, S values of less than 0.001 were regarded as 0.001, and for the catalatic activity, CA values of less than 0.04 s -1 were regarded as 0.04 s -1 . The data of the first mutant population obtained in our previous work (Trakulnaleamsai et al., 1995) are also shown; the positions of the mutants including the wild-type with regard to the cumulative number are 1-82, 37-118 and 23-104, for the thermostability, peroxidatic activity and catalatic activity, respectively. The positions of the wild-type enzyme (d) and D130N (m) are indicated by the filled marks. The curved lines represent the expected distribution patterns of the second mutant population prepared by the random mutagenesis of D130N with E(m) ϭ V(m) ϭ 2.5. The lines were drawn assuming a normal distribution with E(z II ) and V(z II ) values calculated using Equations 7 and 9, respectively, where n ϭ 1 and z M values are those given in Table I . The E(z O ) and V(z O ) values in Equations 7 and 9 were calculated from Equations 4 and 6, respectively, under the following conditions: for the solid lines, all whole data of the first population and a b value of 0.13 were used (i.e. values in Table I ); the dashed lines calculated with b ϭ 0; the dotted line calculated after omitting the samples from no. 92 to 104 of the first population with b ϭ 0.13 (i.e. values in parentheses in Table I ).
described previously (Yomo et al., 1997) for the estimation of the reaction specificity. The results so far obtained confirm the effectiveness of directed evolution by adaptive walk for improving the properties of an enzyme.
Nonadditivity of the effects of mutation
From the data of the two random mutant populations prepared for the adaptive walk described above, the degree of nonadditiv- The values of E(z I ) and V(z I ) were calculated from the data of the first mutant population (82 mutants) prepared previously (Trakulnaleamsai et al., 1995) . The z M value is for mutant D130N. The values of E(z II ) and V(z II ) were calculated from the data of the second mutant population (141 mutants) prepared in this work. The values of E(z O ) and V(z O ) were calculated from Equations 4 and 6, respectively, using a common b value of 0.13 and E(m) ϭ V(m) ϭ 2.5. a The values in parentheses were calculated after omitting the samples from no. 92 to 104 in the first population. 
were calculated using the data listed in Table I and an E(m) value of 2.5.
ity of the mutational effects was estimated using the equations derived for the model protein as presented in Materials and methods. The observed values of nonadditivity, NA ob , defined by Equation 11 were calculated for the three properties using the observed values of E(z I ), E(z II ) and z M listed in Table I , where E(z I ) and E(z II ) are the average of the differences in a property between the wild-type and the mutant enzymes in the first and the second mutant populations, respectively, and z M is the difference in the property between the wild-type and the mutant M, D130N, used for the preparation of the second population. The average E(m) and variance V(m) of the number of mutations determined previously to be 2.5 and 1.5, respectively (Trakulnaleamsai et al., 1995) , are constant for the first and second mutant populations, as the same methods were used for the preparation of both mutant populations. The D130N being a one-point mutant of the wild-type, n ϭ 1, and hence, Σ n kϭ1 z k ϭz m . Accordingly, the theoretical value of nonadditivity, NA th , defined by Equation 12, is expressed as:
where b is the degree of nonadditivity defined by Equation 3. Assuming that the b value is constant independent of the observed properties, it is estimated with the b value that minimizes the sum of (NA ob -NA th ) 2 , i.e., the sum for the three properties. The estimated b value, b, is 0.13. For simplicity in analysis, we did assume a Poisson distribution for the number of mutations, i.e. V(m) ϭ E(m) ϭ 2.5, which indeed resulted in the same b value of 0.13. Therefore, a Poisson distribution is assumed for the number of mutations in further analysis. Using this b value, the average and variance of the effects of one-point mutations, E(z O ) and V(z O ), can be calculated from Equations 4 and 6, respectively, and the values are listed in Table I . A good linear relationship shown in Figure 2 with a regression line having a slope of -0.13 demonstrates that with 793 the estimated b value, the observed nonadditivity for the three properties can be explained by the following relationship:
This means that Equation 10 derived for a simple model protein is applicable to catalase I with a common b value of 0.13 for the three properties. It should be pointed out that when the values of b and E(z O ) are calculated independently for each property from Equations 4 and 8, almost the same data points as shown in Figure 2 are obtained giving an identical regression line, confirming that the average degree of nonadditivity of 0.13 is common for the three properties. This relationship will be applicable not only to other mutations in the sequence of catalase I but also to those of other enzymes. In fact, the b values calculated using the data of various proteins listed by Wells (1990) are 0.10 and 0.07 for the transition-state stabilization and unfolding, respectively. Therefore, the average degree of nonadditivity of the mutational effects can be concluded to be about 0.1 for globular proteins.
In addition, as shown in Figure 2 , the observed value of nonadditivity, NA ob , negatively correlates with the mutational effect, E(m) [z M ϩ E(z O )]. Accordingly, from Equation 11, the diminishing effect of nonadditivity on the average of z of the second mutant population, E(z II ), will increase with the increase in the mutational effect. Although the degree of nonadditivity is not large, it was confirmed by t test with unequal variances that the values of E(z II ) and [E(z I ) ϩ z M ] are significantly different (P Ͻ 0.001) for the three properties. In addition, as discussed below, nonadditivity is an essential factor in predicting the distribution of the next mutant population on successive adaptive walks.
Strategy of adaptive walk
The first step in the directed evolution of an enzyme involves the selection of the best mutant from the first mutant population derived by random mutagenesis of the wild-type enzyme gene. The gene of the selected mutant is further subjected to random mutagenesis, from which a mutant with better properties is again selected. The process of the consecutive steps of selection and mutation continues until a mutant enzyme having the desired properties is obtained. To have an effective directed evolution, it is essential to know the appropriate mutation rate and effective sample size in the process of mutation and selection.
From the analysis of the first mutant population, the values of E(z I ), V(z I ) and E(m) are obtained. Assuming a Poisson distribution for the number of mutations, V(m) ϭ E(m). Using the common b value of 0.13 obtained above, the values of E(z O ) and V(z O ) are calculated from Equations 4 and 6, respectively. Supposing that a mutant M is selected from the first population and its gene is subjected to second random mutagenesis, the values of z M , n and Σ n kϭ1 z k can then be obtained. Consequently, the values of E(z II ) and V(z II ) for the second mutant population can be estimated from Equations 7 and 9, respectively. Accordingly, the distribution of the properties of the mutants in the second population can be predicted assuming a normal distribution.
Taken as an example, the distribution pattern of the second mutant population prepared by the random mutagenesis of D130N with an E(m) value of 2.5 was predicted through the data of the first mutant population derived from the wild-type catalase I, and compared with the observed data. Figure 1 shows that the expected distribution pattern (solid lines) fits well to the observed data except that of catalatic activity. The observed deviation with the catalatic activity was analyzed and was attributed to the gap in the values of the activities between sample number 90 and 92 of the first population (Figure 1 ) which causes overestimation of the V(z II ) value. In fact, omission of the samples from no. 92 to 104 for the calculation resulted in a well fitted expected pattern of the catalatic activity (Figure 1, dotted line) . These results show that unless the distribution pattern of the first population has a large gap, the above procedures can be applied directly for predicting the distribution pattern of the second population. Figure 1 also includes the results when the mutational effects are assumed to be additive, i.e. b ϭ 0 (broken lines).
Comparison of the broken lines with the solid ones clearly indicates that the nonadditivity of the mutational effects must be taken into account for the prediction of the distribution pattern of the second population.
As stated above, the distribution pattern of the second mutant population prepared from a mutant M by random mutagenesis with an average number of mutation of E(m) can be predicted assuming a normal distribution for the second population. Accordingly, supposing that a mutant with a level of a property higher than z exists with a probability of P in the second population and a sample size of N, z can be expressed as a function of E(m). A case of the mutant population derived from D130N is shown in Figure 3A with P ϭ 0.5 and the property examined was thermostability. This relationship can be used as a guide for determining the conditions of the second mutagenesis and selection. That is, when we desired for a mutant with a level of thermostability higher than z at a probability of 0.5, we can determine the appropriate population size for analysis that is to be prepared at a mutation rate of E(m); or when we fixed the values of N and E(m), we can expect with a probability of 0.5 to obtain a mutant with thermostability higher than z.
When E(z O ) value is positive, the chance to have a better mutant increase with the increase in E(m). However, as the property of the enzyme improves, E(z O ) will decrease and become negative due to the increase in the change of a deleterious mutation and the decrease in that of a beneficial one (Aita and Husimi, 1996) . Interestingly, even E(z O ) is negative, we can take a better mutant in a range of E(m) value as shown in figure 3A . The presence of an optimum E(m) value comes from the balance of the effects of E(m) on the average [E(z II )] and standard deviation [V(z II ) 1/2 ] of the second mutant population. That is, when E(m) is small, the increase in the variety of the population exceeds the decrease in E(z II ) and increases the chance to take a better mutant, while with a larger E(m), the decrease in E(z II ) exceeds the increase in the variety. In other words, when E(m) is too large, the probability Table I for thermostability; a mutant having a z value defined by Equation 1 exists with a probability of 0.5 in the second population with a sample size of 3ϫ10, 3ϫ10 2 , 3ϫ10 3 , 3ϫ10 4 or 3ϫ10 5 . For (B), calculation is based on the same situation except that the sample size is fixed at 300 and the value of V(z O ) is changed so as to make the value of smoothness become 1.0, 1.5 or 2.0. of occurrence of beneficial mutations in one mutant sequence is much smaller than that of deleterious mutations, and hence, the chance of a better mutant is very slim. In addition, the nonadditivity of the mutational effects suppresses the increase in the variety of the population.
In our previous paper, a parameter 'smoothness' was introduced, which is defined as |E(z O )|/V(z O ) 1/2 (Trakulnaleamsai et al., 1995) . The above consideration indicates that when E(z O ) is negative, the chance of obtaining a better mutant increases with the decrease in the smoothness of the landscape in protein sequence space ( Figure 3B ). Hence, b, E(z O ) and V(z O ), being the basic parameters for characterizing a random mutant population, are essential to the construction of an efficient strategy for adaptive walk in protein sequence space. Figure 3A also shows that although the z value increases with the increase in the sample size (N), the effect will not come up to the different numerical order of increase in the sample size, indicating that the stepwise adaptive walk with a small sample size has more advantage over the one-step selection from a large sample population. Therefore, an efficient adaptive walk will be achieved by determining appropriate values of E(m) and N at each step of mutagenesis based on the analysis shown in Figure 3 with the knowledge of the basic parameters of the random mutant population.
